The role of mountain ranges upon the arid climate formation in northwestern China is investigated using regional climate model. Two kinds of numerical experiments are carried out with real topography and with modified topography which does not contain the TianShan Mountains. Simulated rainfall distribution with real topography shows maximum precipitation in upwind slope of the mountain and minimum precipitation in downwind side of it, which coincides with the features of rain-shadow in other regions of the world. However, numerical experiment without the TianShan Mountains also simulates the area of distinct minimum precipitation in the same location. The arid climate, therefore, is formed even though the rain shadow effect is absent. The difference in rainfall amount between these two experiments is very small around downwind arid region. On the other hand, more intense and frequent rainfall events tend to occur in upwind of the mountain range due to forced lifting of environmental flow, which just emphasizes the precipitation contrast between upwind and downwind side of the mountain. The precipitation accompanied with the synoptic scale disturbances is suppressed over the arid region whether the TianShan Mountains exist or not.
Introduction
Global distribution of arid climate can be classified into several types according to the reason of few rainfall events (Houghton 1984) . The major desert regions over land are caused by at least one of the following reasons.
(1) Located in subsidence arms of Hadley circulation, where subtropical anticyclones prevail. (2) Lee of dividing mountain range because humid air flow is blocked and lifted to its condensation level on the upwind slope finally causing rainfall there; as a result, less humid air is transported to leeside, which is a so called rainshadow effect. (3) Apart from water resources of ocean. (4) Inactive synoptic disturbances owing to the stationary Rossby wave, which can be seen around large scale mountains (Manabe and Broccoli 1990) .
One of the largest arid and semi-arid regions in the world is located in northeastern Asia covering northern China and Mongolian territory. Although most precipitation occurs in June, July and August around these regions (Yatagai and Yasunari 1995) , distinct contrast of precipitation has been observed in this season among forest, steppe and desert regions (Batima and Dagvadorj 2000) . These regions are faced with a problem of ongoing and near future desertification due to the anthropogenic and natural reasons (Williams and Balling 1996) .
The desert region is located in relatively higher latitude compared with other major deserts within subtropical zone. This fact means that the Hadley circulation is only slightly related with the formation of the aridity. The absence of rain-inducing disturbances is indeed prominent in winter; however it contributes slightly to the summer dryness because zonal wind velocity is relatively weaker in this season. Previously suggested reasons on the warm season dryness can be summarized as the complex of above mentioned (2) and (3) processes in general (Houghton 1984; Hartmann 1994 and other studies). Manabe and Terpstra (1974) have shown almost annular distribution of rainfall by general circulation model experiments in case that any mountains on the globe were absent. Thus, the distance from the ocean is not always suitable reason which can answer why the arid region is located in current position. On the other hand, the role of the TianShan Mountain ranges, which divides central Asia and northwestern China, as a barrier of water vapor transport has been considered to be a most probable reason of the aridity. The desert regions are surrounded with the TianShan and the Altai mountain ranges except for the east side of them. The elevation of these mountain ridges exceed 2000 m. Observed annual precipitation is larger than 300 mm in the west, and smaller than 100 mm in the east of the mountain range (Warner 2004) . Such characteristic rainfall distribution is one of the only evidence which supports the importance of rainshadow effect in this area because only observational inferences were achieved so far concerning the propriety of the rain-shadow effect. This study, thus, aims to clarify the mechanical effect of those mountain ranges on the formation of arid climate in northwestern China. The investigation is focused mainly on summertime when large portion of annual precipitation is observed in this area, since vegetation growth will be strongly affected by the warm season rainfall.
Experimental design
The Terrestrial Environmental Research CenterRegional Atmospheric Modeling System (TERC-RAMS; Sato and Kimura 2004) , which is modified version of RAMS, is adopted to carry out two kinds of numerical experiments. The first experiment, referred to as control run (CTL), simulates realistic atmospheric circulation and precipitation. In another sensitivity experiment, referred to as no mountain run (NoM), not only the TianShan Mountains but also any topographies over the Mongolian plateau (shown as MP in Fig.1 ) is assumed to be flat with 500 m elevation in order to study the role of mountain on the arid climate formation. Note that the both experiments are basically the same except for the topography. the simulation is analyzed after five days spin-up period. The prognostic variables in the lateral boundary are nudged to the reanalysis data with a linear nudging coefficient. Numerical integration of each experiment is carried out for ten years from 1991 to 2000. Following analyses are focused on July when precipitation becomes the maximum in annual cycle around northwestern China. Figure 1 illustrates ten-year mean of monthly precipitation and vertically integrated water vapor flux simulated in CTL experiment. The region of remarkable aridity, around which rainfall is less than 20 mm, is produced in northern China (85E, 44N). This region corresponds well with the Taklimakan desert, although it exists slightly north compared with the real location centered on 83E, 39N. The feature of simulated precipitation agrees fairly well with observed rainfall distribution in this area. The water vapor flux is very small over the entire Mongolian plateau because the precipitable water vapor is relatively small due to high elevations. The water vapor transported into the arid region is mainly originated from west of the mountain ranges according to a prevailing westerly wind. The amount of water vapor flux retains 100 kg m -1 sec -1 over western part of the TianShan Mountains which converges in upwind slope of the mountain. As a result, the rainfall exceeds 80 mm in upwind side of the mountain ranges. On the other hand, the amount of water vapor transported into the arid region is very small, and the region of minimum precipitation also corresponds to that of the maximum divergence of water vapor transport. The features of water vapor flux and rainfall distribution are similar with other rain-shadow induced aridity in the world, such as lee of mountain peaks in North America (Warner 2004 ). The rain-shadow effect seems to be very important to form the arid region in northwestern Asia as long as rainfall distributions by CTL run and by previous observational studies are demonstrated. Figure 2 shows 10-years mean of monthly precipitation in NoM experiment. Topography is drawn by solid contours, which shows not only the TianShan Mountain but also any other mountains do not exist in Mongolian plateau. By comparison with Fig.1 , the amount of water vapor flux is larger over the whole Mongolian plateau than that in CTL run since the precipitable water vapor is relatively larger in NoM run due to the lower elevations. Nevertheless, very similar rainfall distribution with CTL run is obtained in NoM run in respect with the position of arid region. This means that the arid region, in which rainfall is less than 20 mm, is formed in the same location with CTL run even though the TianShan Mountain is absent. In addition to the rainshadow effect, other mechanisms should be considered to explain the formation of arid region in NoM run. Further discussions on the possible processes are addressed in Section 3.2. Figure 3 shows a plot of monthly precipitation along a line across the TianShan Mountains as shown in Fig.1 . Obvious peak appears over upwind western slope of the mountain in CTL run as a result of a forced lifting of the environmental flow by the terrain. Then, precipitation decreases rapidly over the mountain top, showing a minimum over downwind slope. On the other hand, precipitation in NoM run decreases smoothly with a minimum value around 85E because the topography is assumed to be flat as shown with dark shade in the figure. The amount of minimum precipitation is about 1.5 times larger in NoM run compared with CTL run, although they are basically very small in both runs. From this point of view, the major difference between CTL run and NoM run is restricted in further west from 85E. Therefore, the TianShan Mountains hardly affect the aridity in its leeside, while they contribute largely to the increase of rainfall in upwind slope. In other words, only upwind side of the mountain can become humid owing to the existence of mountain whereas the precipitation is basically small in northwestern China.
Result

CTL and NoM experiments
Decrease of monthly precipitation in NoM run is apparent in eastern part of Mongolia around 105E 48N (see Fig. 1 and Fig. 2) . The fact indicates that the mountains play an important role to supply rainfall in this area causing interaction with an environmental atmosphere by mechanical and thermal processes. In spite of semi-arid steppes, well developed convective systems are often observed over Mongolia and northern China (Yoshino 1991; Sato 2004 ). The results from CTL and NoM experiments suggest that the roles of mountain slopes to initiate and to develop convective systems are very important to the warm season rainfall in the lee and over mountains in this area.
Suppression of synoptic scale disturbances
During warm season, the rainfall events in the arid region tend to be observed as short-term heavy rainfall (Warner 2004; Batima and Dagvadorj 2000) . The generation of such convection systems should be deeply related with synoptic scale environment because this region is located in one of the most prominent area in frequency of cyclogenesis in northern hemisphere (Chen et al. 1991) . Figure 4 illustrates a typical rainfall event simulated during 17 and 20 of July 1995 by NoM run. Contours and arrows indicate geopotential height at 500 hPa and vertically integrated water vapor transport, respectively. The rainfall amount is shown as three-hour integration. At 12 UTC of 17 July 1995, upper level trough is situated over western Siberia accompanied with well organized rainfall band extending southward (Fig. 4a) . As it approaches northern China, relatively large amount of water vapor is transported into the arid region because the interception by the TianShan Mountains does not occur in this run (Fig. 4b,  c) . The banded precipitation, however, becomes partially weak, and almost vanishes out just over the arid region despite the sufficient moisture transport. Then, regeneration of the banded precipitation occurs immediately after the trough passing through the arid region in 12 UTC of 20 July 1995 (Fig. 4d) . Most precipitation systems passing in this region are similar to this event regarding the behaviors of rainfall distribution. Figure 5 illustrates the meridional cross section of ten-year mean vertical motion along 85E in the both experiments. Distinct descending motion prevails in center and north of the Tibetan plateau. The descending motion over the plateau is formed as a result of too strong upward motion in northern and southern edge of the plateau corresponded with the Kunlun Mountains and the Himalayas. In north of the plateau, velocity of the descending motion is stronger by 0.5 cm sec 1 , and centered around 500 hPa over the desert region. The subsidence seems to be very important to form the arid region since the minimum precipitation appeared in northwestern China completely follows on this robust subsidence (see also Fig. 1 and Fig. 2) . Additionally, the TianShan Mountains do not play an important role to the subsidence since it still prevail in NoM run. In general, synoptic scale disturbances should contribute a large portion of annual and summertime precipitation in mid-latitude region. However, the NoM experiment indicates that few rainfall events are observed over the arid region according to the existence of the regional scale subsidence. Further studies on the nature of this subsidence and its relation to the arid climate formation are desirable.
Summary
The role of mountain ranges upon the arid climate formation in northwestern China is investigated using regional climate model. Before this study, the rainshadow effect by the mountains is considered to be a major reason of this arid region. Two kinds of numerical experiments are carried out with real orography and with modified orography which does not contain the TianShan Mountains. The precipitation in CTL run shows the maximum in the upwind side of the mountains, while the minimum in downwind of the mountain range. One may think that the downwind minimum is formed by a rain-shadow effect of the mountain range. However, numerical experiment without the TianShan Mountains simulates the distinct arid region as well. This fact indicates that the arid climate in northwestern China is formed even though the rain-shadow effect is absent. The role of the TianShan Mountains is just to increase the precipitation in the upwind side, and the mountain hardly affects the amount of precipitation in the leeside. The regional descending motion tends to prevail in both experiments over the arid region. It is indicated that the precipitation over the arid region is suppressed by the subsidence in both experiments. 
